We investigate skyrmion formation in both a single crystalline bulk and epitaxial thin films of MnSi by measurements of planar Hall effect. A prominent stepwise field profile of planar Hall effect is observed in the well-established skyrmion phase region in the bulk sample, which is assigned to anisotropic magnetoresistance effect with respect to the magnetic modulation direction. We also detect the characteristic planar Hall anomalies in the thin films under the inplane magnetic field at low temperatures, which indicates the formation of skyrmion strings lying in the film plane. Uniaxial magnetic anisotropy plays an important role in stabilizing the in-plane skyrmions in the MnSi thin film.
Introduction
Magnetic skyrmions in chiral magnets are spin-swirling vortex-like matters as topologically defined by an integer winding number, and hence show versatile emergent electromagnetic responses. 1 Because of possible electrical controls of skyrmions, such as ultralow current-density drive, 2, 3 electric-field induced motion, 4 and read/write operations by spinpolarized currents, 5 skyrmions are considered as a promising candidate of the information carrier in emerging spintronics. 6, 7 Forms of skyrmion aggregate or skyrmion crystal in confined geometries of chiral magnets, including thin films, [8] [9] [10] nanowires 11 and nano areas, 12 are of particular interest in the light of enhanced stability of skyrmions with higher density.
Magnetic phase diagrams for the skyrmion-hosting bulk materials with the common space group P2 1 3 share a universal profile 13 as shown in Fig. 1(a) . While the skyrmion state in bulk DRAFT is stabilized only near the transition temperature (T c ) by thermal fluctuation, 14 the skyrmion phase extends over a wide temperature (T )-magnetic field (H) region in case of thin films with a magnetic field perpendicular to the film plane. 15 The geometrical effect suppresses the formation of conical structure [ Fig. 1(d) ] modulating along the magnetic field direction (the out-of-plane direction); consequently, periodically-arranged skyrmions in the plane normal to H [ Fig. 1(e) ] become a globally stable state in the thin films. A systematic realspace observation on freestanding MnSi thin plates with thickness gradients and different crystalline orientations has revealed that the relative skyrmion's stability against the film thickness in the respective crystallographic planes of the films is determined by competition among Dzyaloshinskii-Moriya interaction, dipole-dipole interaction, and uniaxial magnetic anisotropy. 16 However, until now there have been few studies on an effect of uniaxial magnetic anisotropy on stability of skyrmion, which effect was first proposed for explaining the enhanced skyrmion phase in the thin films. 17 Here, to gain insight into this effect, we focus on one other type of skyrmion aggregate, that is, an array of skyrmion rows stretching in the plane of strained MnSi thin films with an in-plane H. 18 Epitaxial MnSi(111) thin films on Si substrates receive a tensile strain due to the lattice mismatch, which increases the hardaxis uniaxial anisotropy along the direction normal to the film plane. 19 Detection of such an in-plane skyrmion formation, however, is challenging experimentally because the established detection methods, such as Lorentz transmission microscopy (TEM) and topological Hall effect, 20, 21 are difficult to be applied, in principle, for an in-plane H configuration. Thus far, the formation of the in-plane skyrmion [ Fig. 3(a) ] in the thin films has been proposed only from magnetization measurements. 18 In this paper, we demonstrate a new detection method for the formation of the in-plane skyrmion strings appearing in a thin film. By measurements of planar Hall effect (PHE), which sensitively extracts an anisotropic component of electrical conductance, we identify the emergence of skyrmions as a prominent stepwise field profile in the PHE signal for both a single-crystalline bulk and epitaxial thin films of MnSi. A T -H phase for the inplane skyrmions appears at low temperatures, which is distinct from the hitherto known skyrmion phase stretching from T c . The in-plane skyrmion strings are stabilized by the magnetic anisotropy, which is enhanced at low temperatures. 
Experiments
The MnSi single crystal was grown by the Czochralski method and cut into rectangular shape with a typical size of 2 × 1 × 0.3 mm 3 . The MnSi epitaxial films were grown on a Si 
where θ is angle between the current (J) and the magnetic field, ρ and ρ ⊥ are resistivities with the current parallel and perpendicular to the magnetic field, respectively. Note that PHE originates from the anisotropic magnetoresistivity, not the conventional Hall effect. Because a dominant contribution to anisotropic magnetoresistance in ferromagnetic 3d-transition-metal alloys 22 is usually related to the magnetization (M) direction, we use the magnetization vector as a reference direction for PHE measurements. Partly because the magnetization direction is parallel with the magnetic field in MnSi as well as in most ferromagnets, we generally equate Eq. (1) with the following relation: ρ
and θ M are corresponding parameters measured with reference to M. To remove voltages from Hall effect and longitudinal resistivity due to misalignments of the sample mounting and the electrodes, we measured the transversal voltage for ±H and ±θ and then symmetrized it against H and antisymmetrized it against θ. Hereafter we define ρ PHE yx as its signal at θ = 45
• unless otherwise noted.
Results and Discussions
We first demonstrate that the PHE is a sensitive probe for identifying skyrmion formation through measurements on a well-studied skyrmion material, the MnSi single-crystalline bulk sample. To build further assurance about the correspondence between the skyrmion phase boundaries and ρ PHE yx anomalies, we present development of ρ PHE yx in the T -H region around the skyrmion phase in Fig. 2(a) . Sharp stepwise structures are confirmed between 27.0-28.5 K. In Fig. 2(b) , we map the H-derivative of PHE [inset of Fig. 2(b) ], which emphasizes the abrupt change in PHE, for comparison with the established phase diagram. The abrupt rises and falls of ρ PHE yx coincide with the phase boundaries determined by the magnetization measurements in the T -H plane, from which we confirmly assign the PHE anomaly to the skyrmion formation.
The PHE anomaly at the skyrmion phase can be accounted for with a following phenomenological model. Provided that resistivity in a periodically modulated magnetic texture also depends on the orientation of the modulation vector (Q), an additional contribution will appear obeying the following relation in a similar way to the conventional PHE with reference to the magnetization: ρ hysteresis in PHE indicates that the density of packed skyrmion strings depends on the precedented magnetic structure determined by the magnetic field history; the helical structure is more prone to the development of the skyrmions than the ferromagnetic state. With a slight elevation of temperature from 2 K, for example at 10 K, skyrmion formation occurs in different H-ranges between the increasing and decreasing field processes [ Fig. 4(j) ]. With increasing field, the transformation of the in-plane skyrmion strings from the helical structure occurs at H sk1 , followed by the continued existence of skyrmions well above H c ; with decreasing field, skyrmions appear at H c , remaining even near zero field. Here we note that while there are also discerned kinks and/or hysteretic behaviors corresponding to the skyrmion phase in the magnetization and magnetoresistivity curves, the planar Hall signal shows much better sensitivity for the skyrmion formation.
We show contour mapping of ρ PHE yx /ρ xx (0) for the increasing field process in Fig. 5(a) , along with phase boundaries determined by measurements of M and PHE. In contrast to
MnSi(111) thin film , while there is no hysteretic signal in the other T -H region. We note that the magnetic phase diagram determined by PHE is different from that of previous study 18 based on Finally, we discuss the thickness (t) dependence of planar Hall signal [ Fig. 6 ]. At low temperatures, where we demonstrate the in-plane skyrmion formation, a polarized neutron reflectometry study 27 has proposed a helicoidal state. The helicoidal state proposed in Ref.
27 shows discrete changes in its helix turns with a magnetic field variation. When the sample thickness is nλ ≤ t < (n + 1)λ, where λ is helical period, the helicoidal state with n-turns is realized. With application of the magnetic field, the turns would be discretely unwound. If we assume the large kink in PHE [e.g. see Fig. 4(i) ] originates from the helicoidal structure, namely the discrete change in the number of turns, additional kink would appear in a thicker film. Figure 6 shows that the PHE signals in 26 and 50-nm thick films. Even if we increase the thickness twice, the overall feature remains unchanged ; this is inconsistent with the model of the helical structure formation, but supports the present interpretation, i.e. the in-plane skyrmion formation.
In conclusion, by measurements of PHE, we have revealed the formation of the in-plane skyrmions in the MnSi epitaxial thin film, which can hardly be detected by the conventional detection methods such as Lorentz TEM and topological Hall effect. PHE sensitively detects the 90
• -flop of the magnetic modulation associated with the skyrmion formation and destruc- 
